ABSTRACT This paper presents a novel swarm control framework for path following of multiple underactuated unmanned marine vehicles (UMVs) with uncertain dynamics and unmeasured velocities. Main contributions are as follows: (1) unlike previous master-slave formation control, a swarm system function with distributed and self-organized capability is designed; (2) a center-of-swarm (COS) guidance scheme without vehicle number constraints is proposed for swarm path following, where an improved artificial potential field (APF) using ring-shaped repulsion is further employed for collision avoidance and obstacle avoidance; (3) a nonlinear velocity observer is incorporated into the proposed swarm control framework to estimate the unmeasured velocities, thereby contributing to robust controllers based on fuzzy sliding mode against uncertain dynamics and time-varying disturbances. Simulations are carried out to illustrate the universal applicability and effectiveness of the proposed swarm control framework.
I. INTRODUCTION
Over the past years, cooperative control of underactuated unmanned marine vehicles (UMVs) has drawn much attention on both military and civilian applications [1] . In addition to the traditional single vehicle, cooperative control of multiple UMVs provides higher fault tolerance and wider search area in less time [2] . Unfortunately, suffering from weak communication, high hydraulic pressure and strong ocean disturbances [3] , [4] , UMVs have great difficulties to explore information and collect data. Therefore, developing a coordinated control framework for multiple vehicles in the presence of uncertain dynamics and time-varying disturbances has grown into an emerging research. Previous researches pertaining to cooperative control can be classified into three categories [5] , virtual structure framework [6] , [7] , behavioral
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strategy [8] , [9] and leader-follower mechanisms [10] , [11] . However, these cooperative control techniques are limited by the pre-designed formation. Nevertheless, there exists an obvious master-slave structure among vehicles [12] - [14] , thereby causing great difficulties in self-organized coordinated motion and obstacle avoidance. By virtue of the lineof-sight range and angle between the leader and followers, a continuous sliding mode control [15] , [16] with parameter estimation is employed [17] . In the presence of discrete data transmission, a continuous-discrete extended Kalman filtering algorithm is proposed for each follower to estimate the leader information [18] . Besides, a network system with multiple packet dropouts using pseudo measurement and nonlinear filtering algorithm is designed in [19] , whereby followers can sense the leader positions. Also, the leaderfollower formation with uncertain local dynamics and uncertain leader dynamics is reported in [20] , where a dynamic surface control based neural network [21] is constructed such VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ that the controller is simple and universal. However, it should be highlighted that the leader plays a crucial role in centralized control structure, and once the leader is invalid, UMVs will lose their original formation performance. Based on backstepping technique and biological network model, followers can track the virtual leader and transform the formation to avoid obstacles [22] . Recently, artificial potential field (APF) is employed for collision avoidance and obstacle avoidance [23] - [25] . Attractive force and repulsive force are proposed in [26] , which can drive vehicles to the target or away from the obstacles. Considered dynamic obstacles and unreachable targets, the distance factor and jump strategy using an optimized APF algorithm are proposed for trajectory planning [27] . Moreover, Fuzzy logic [28] , [29] for obstacle avoidance is proposed to design the attractive/repulsive function for multi-agent [30] . An improved potential field using damping technology around vehicles and obstacles is proposed for collision avoidance and obstacle avoidance [31] . However, previous formation approaches and APF strategy aiming at large-scale vehicles usually suffer from flaw that cooperative control system is complicated with much condition constraints and vehicles are rebounded from obstacles, thereby an imperative is to design a distributed and self-organized cooperative control framework for UMVs.
Inspired by above observations, we propose a novel swarm control framework with collision avoidance and obstacle avoidance capability for multiple MUVs without velocity measuring instruments in the presence of uncertain dynamics and time-varying disturbances. The center-of-swarm (COS) guidance scheme is first proposed based path following for single vehicle and light-of-sight guidance. Unlike previous researches, a distributed and self-organized system function is designed rather than a centralized and fixed formation structure. The improved APF with ring-shaped repulsion is employed for collision avoidance and obstacle avoidance. Furthermore, a nonlinear velocity observer is constructed to exactly estimate unknown velocities. The robust controllers based on fuzzy sliding mode can ensure that the desired signals produced by the proposed COS guidance can be accurately followed.
The paper is organized as follows. Section II presents the preliminaries and problem formulation. Velocity observer design is developed in Section III. The swarm guidance scheme and robust controllers are addressed in Section IV and Section V, respectively. The stability analysis of the closedloop system is provided in Section VI. Simulations are carried out in Section VII and conclusion is stated in Section VIII.
II. PRELIMINARIES AND PROBLEM FORMULATION
∈ R 3 is the position vector in the earth-fixed frame, where (x i , y i ) denotes the UMV position coordinates and ψ i denotes the yaw angle.
is the velocity vector in the body-fixed frame. Consider a multi-vehicle system that consists of n UMVs and follow the references [32] , the mathematical model is employed to describe the ith UMV under the following Assumptions, including the kinematicṡ
and the dynamics
where
∈ R 3 denotes the time-varying disturbances in the body-fixed frame; the rotation matrix R(ψ i ), the inertia matrix
Assumption 1: Ignored pitch, roll and heave motion, each UMV is equipped with a propeller and a ruder.
Assumption 2: The UMV yaw angle and position coordinates are measured, but velocities are unmeasured.
Assumption 3: The communication is not subject to time delays and each vehicle can obtain information from neighbor.
To describe the multi-vehicle motion, a swarm system function with distributed and self-organized can be designed as
is the Jacobian matrix satisfying (5) . V is the swarm velocity vector. 2 n is the standard deviation between (x i , y i ) and (x, y).
Furthermore, J 
B. SWARM ERROR DYNAMICS
On the horizontal plane, the geometric structure for swarm control including multiple UMVs and a geometric path parameterized by a time-independent variable θ is shown in Fig. 1 . Similar to the swarm system function (4), the desired swarm function can be described as
and the corresponding swarm errors can be expressed by
For given θ , the path-tangent reference frame is denoted by (x d (θ ), y d (θ)) which is rotated with an angle ψ d with respect to the earth-fixed frame given by
For the multi-UMV system defined as (1) and (2), the alongfollowing error x e and cross-following error y e between (x, y) and (x d (θ ), y d (θ)) expressed in the path-tangent reference frame are described as
The control objective is to design distributed controllers for each UMV with the dynamics (2), such that the swarm can follow a given geometric curved path (x d (θ ), y d (θ )) and swarm errors satisfy
and
for some small constants ε 1 , ε 2 and ε 3 .
III. VELOCITY OBSERVER DESIGN
In this section, a nonlinear observer is developed to exactly estimate the actual UMV velocities which cannot be measured under the Assumption 2. Design the velocity observer for each vehicle as follows:
where 23 } are positive gain matrixes;η i andv i are the position estimation and velocity estimation; the estimation errors are further defined asη
Theorem 1: Consider UMV in (1) and (2) without velocity measuring instruments, the observer (12) can be used for unknown velocity estimation. Suppose that the control inputs are bounded and the Assumption 2 is satisfied. Then, the estimation errors can converge to zero with global asymptotically stable.
Proof: Define observation error dynamics as follows:
Consider the following Lyapunov Function Candidate (LFC) as 11 , P 12 , P 13 } and P 2 = diag{P 21 , P 22 , P 23 } are positive diagonal matrixes.
Differentiating V io with respect to time along (13) and (14), we havė
yieldṡ
and (15), we haveV (19) where λ min denotes the minimum eigenvalue.
Thus, we can get the conclusion that the estimation errors converge to zero with global asymptotically stable. 
IV. CENTER-OF-SWARM GUIDANCE
In this section, we propose a center-of-swarm (COS) guidance scheme including both collision avoidance and obstacle avoidance. Based on the path following for single vehicle, a guidance scheme capable of driving the UMV formation toward and along a desired path is designed. The desired behavior is ranked as follows, with obstacle avoidance being the most important: (i) Make good progress towards the desired path; (ii) Avoid collisions and obstacles; (iii) Keep safe distance from neighbor vehicles and obstacles.
Step 1: The time derivative of x e and y e can be derived aṡ
anḋ
Substituting (2) into (20) and (11) yieldṡ
represents the COS velocity and satisfies 0 ≤ U ≤ U max ; u p is the ideal COS velocity expressed as follows:
where δ > 0 is a design parameter. From (22) and (23), the angle ψ r towards the desired path can be designed as follows:
where l 0 > 0 denotes the look-ahead distance. Since θ is the actual path parameter variable to update, we need to acquire the relationship between θ and u p . By using (22), we definė
Consider the following LFC as
Differentiating V 1 along the closed-loop error dynamics (22) and (23) 
where ε = U l 2 0 + y 2 e and satisfies 0 ≤ ε ≤ U max l 2 0 + y 2 e ; k = 2 min{δ, ε}.
Step 2 Consider the following FLC as
Taking the time derivate of(29) and using (7) yielḋ
To make good progress towards the desired path, the desired velocities V d of swarm system can be designed
where V id =η id = [ẋ id ,ẏ id ] T are the desired velocities for the ith UMV. Remark 1: Different from the existing APF including both attractive force and repulsive force [33] , where the control algorithm can only be employed with respect to the kinematics, and none of cooperative controllers based dynamics can result. Therefore, the proposed swarm control framework considers the dynamic controllers in section 5.
Step 3 Based on the desired velocity (31), the collision avoidance algorithm presented in [34] can be employed to modify V d An artificial function is proposed to avoid collisions among vehicles. The APF P ari is a function with the following properties:
(1) P ari is differentiable and non-negative; (2) P ari reaches its maximum if x ij → 0 ; (3) P ari is decreasing nonlinearly as 0 < x ij ≤ d 0 ; (4) P ari reaches its minimum or zero if x ij → ∞.
where x ij is the distance between the ith and thejth vehicle, d 0 > 0 is the safe avoidance distance. Thus, the total repulsion fields for avoiding collision is derived as P ar = n i=1 P ari . In addition to avoiding collision, avoiding obstacles is an integral part of this swarm control framework. Based on the traditional APF in [34] , a modified repulsion field has the linear ring-shaped behavior as shown in Fig. 2 . Each UMV can bypass obstacles smoothly with safe distance. By defining the distance between UMV and obstacle, the repulsive force of obstacle collision is given by
where η j = [x oj , y oj ] T is the jth obstacle, and β > 0 is the repulsion gain. D 0 > 0 is the maximum radius and D 1 represents the distance of the annulus repulsion field and satisfies 0 < D 1 < D 0 . Thus, the total repulsion fields for several obstacles can be derived as P ao = m j=1 P aoj . Consider the following FLC based V 2 as
where P = k 1 m i=1 P aoi +k 2 n i=1 P ari ; k 1 and k 2 are positive scaling factors; k 3 is a positive constant. Taking the time derivative of V 3 yieldṡ
The desired velocity is designed as follows:
Substituting (33) into (31) results iṅ
. Thereby, the center-of-swarm guidance scheme including both collision avoidance and obstacle avoidance is provided by step 1, step 2 and step3. Moreover, each vehicle gives priority to keep distance with neighUors and obstacles.
V. CONTROLLER DESIGN
In this section, we design heading and surge controllers for the ith UMV to ensure the desired behavior. The desired surge velocity and heading angle for the ith vehicle are given by u id = ẋ 2 id +ẏ 2 id , and ψ id = atan2 (ẏ id ,ẋ id ) (37)
A. FUZZY APPROXIMATOR
A fuzzy logic system (FLS) is employed as the universal approximator to estimate the unknown, and the detail expression of FLS is defined as where R j represents the fuzzy rules, and j = 1, 2, k.y and
T is the output and input, respectively. 4 J and B j are fuzzy singletons [35, 36] . Given k fuzzy rules, the total output of the fuzzy approximator is
where θ = [θ 1 , θ 2 , · · · , θ k ] T is adjustaule parameter vector; ξ j (x) is the membership function.
where µ j Ai (x i ) is the membership function. Remark 2: It is worthy to indicate that, if the FLS is replaced using neural network, similar results can be conducted without any difficulty.
B. SURGE CONTROL
Consider the dynamics (2), the surge controller τ iu can be chosen as
where λ i2 > 0; u id is the desired surge velocity computed by (37), and S iu is the integral sliding surface governed by
with u ie =û i − u id is the surge error, K iu is the uncertain gain function defined as
A FLS is used to approximate the uncertain dynamics and time-varying disturbances in K iû
where x = û,v,r T is the velocity vector, andθ iu is adaptive law designed asθ
where η iu > 0; the corresponding membership function is selected as
By the FLS universal approximation capability, the uncertain gain function K iu can be completely expressed by
where θ * iu is optimal weight parameter, and c * 1 is the ideal approximation error and satisfies |c * 1 | ≤ c 1 with an upper bound c 1 > 0.
C. HEADING CONTROL
Consider the dynamics (2), the heading control τ ir can be chosen as
where λ i1 > 0; ψ id is the desired heading angle computed by (37), and S ir is the sliding surface governed by
with ψ ie = ψ i − ψ id . K ir is the uncertain gain function described as
Similarly, a FLS is used to approximate the uncertain dynamics and time-varying disturbances in K ir
whereθ ir is adaptive law designed aŝ
where η ir > 0; the corresponding membership function is selected as
Similar to (46), the unknown K ir can be completely expressed by
where θ * ir is optimal weight parameter, and c * 2 is the ideal approximation error and satisfies |c * 2 | ≤ c 2 with an upper bound c 2 > 0.
Theorem 2: Consider the controllers (40) and (47) with FLS (43) and (50), the surge and heading following errors for the ith UMV are bounded.
Proof Consider the following FLC as
whereθ ir = θ * ir −θ ir andθ iu = θ * iu −θ iu are parameter estimation errors. The time derivate of V i4 can be expressed aṡ
It follows that ψ ie and u ie are bounded as time tends to infinity. This concludes the proof.
VI. STABILITY ANALYSIS
To analyze the underactuated UMV stability in the sway direction, we consider the following FLC as
From (1) it follows thaṫ
Thus, the swayv i is bounded and satisfies
Theorem 3: The novel swarm control framework consisting of COS guidance scheme given by (24) (25) (31) together with the control laws (40) (47) renders all signals in the closed-loop swarm system uniformly ultimately bounded.
Proof: Consider the following FLC as
Differentiating V along the errors (7) (9) (41) and (48) yieldṡ
and k 3 > 0. Thus, it can be concluded that all signals in the closed-loop system are uniformly ultimately bounded. The proof is complete.
VII. SIMULATIONS
Eight UMVs whose dynamics are described by (1) and (2) The desired velocity is 10kn and the desired standard deviation σ d is 50m. Moreover, the desired path is parameterized by
where θ is managed bẏ
and u p is defined by (14) . For obstacle avoidance, the distances are designed as d 0 = 30, D 0 = 90, D 1 = 60. The COS guidance is designed as
with parameters k 1 = 20, k 2 = 15, and k 3 = 2.
The distributed and self-organized swarm control framework is shown in Fig. 3 . The gains in the controllers and the guidance scheme are chosen as follows:
Considering controller hysteresis and turning radius constraint, swarm errors satisfy that ε i=1,2,3 = 5.2m (the length of vehicle).
There are three challenges in the swarm path following: (1) the large number vehicles; (2) the large initial errors; and (3) the fast response to the obstacles. However, these challenges are addressed reasonably and effectively using the proposed swarm control framework. The swarm following performance of multiple UMVs is shown in Fig. 4 (a) − (e), from which we can see that each vehicle can follow the desired path. Moreover, collision avoidance and obstacle avoidance for multiple UMVs in the presence of uncertain dynamics and unmeasured velocities are addressed. In particular, Fig. 4 (c) and Fig. 4 (d) show that each UMV can bypass obstacles in black color smoothly with safe distance. From Fig. 5 , it is apparent that the following errors x e , y e and σ − σ d with COS guidance scheme can converge smoothly to zero. However, UMVs must take measures to keep away from obstacles at time 150s to 200s, and the following errors cannot converge to zero, which are reasonable. Fig.6 shows the 6th UMV surge velocity u 6 and yaw angle ψ 6 by proposed scheme, and it also demonstrates that each UMV can make good progress with 10kn towards the desired path. Fig. 7 shows the control signals of the 6th UMV. Fig. 8 shows that unknown velocity information can be accurately estimated by the proposed observer.
In summary, the swarm control framework with COS guidance and fuzzy sliding mode can achieve cooperative path following in the presence of uncertain dynamics and timevarying disturbances. 
VIII. CONCLUSION
In this paper, the problem of swarm-based path following for multiple UMVs has been addressed. By virtue of the SOC guidance and the improved APF, a distributed and self-organized swarm control framework is employed. The unmeasured velocities and time-varying disturbances have been proposed by velocity observer and fuzzy sliding mode control, respectively, which can ensure all signals in the closed-loop system are bounded. Moreover, swarm path following performance is proven by simulations. The obstacles considered in this paper are static, and hence, future researches focus on the dynamic cases. 
